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INVESTIGATION OF LEVEL-FLIGHT AND MANEUVERING 
CHARACTERISTICS OF A HINGELESS-ROTOR 
COMPOUND HELICOPTER 

By Julian L. Jenkins, Jr., and Perry L, Deal 
Langley Research Center 

SUMMARY 

The results of a flight-test program utilizing a hingeless-rotor compound helicopter 
are presented and discussed. Data are presented to indicate the level-flight performance 
characteristics, speed stability, maneuver stability, and wing-rotor lift sharing in maneu- 
vering flight. Also included are data indicating the rotor rotational -speed control char- 
acteristics during maneuvers and diming simulated main-rotor power failures. 

The data show that there is an inherent reduction in rotor lift as level -flight air- 
speed is increased. In addition, a reduction in rotor -lift sensitivity in maneuvering flight 
was measured and determined to be dependent on the stability of the aircraft in maneu- 
vering flight. Although the lift -sharing trends contribute favorably to the piloting task in 
the compound mode, the rotor overspeed tendencies could require constant pilot attention 
during maneuvering flight. 


INTRODUCTION 

The desirability of increasing the high-speed performance and maneuvering ability 
of rotary -wing aircraft has been recognized for some time. Theoretical and experimental 
studies have demonstrated the problems associated with rotor operation at high speed. 

(See refs. 1 and 2.) These studies indicate a decrease in the lifting and propulsive capa- 
bility of the rotor as speed increases. Consequently, in order to maintain the hovering 
and low-speed capabilities of a rotor while improving high-speed performance, additional 
sources of lift and/or propulsive force are required. 

In recent years, several helicopters have been modified to incorporate various 
methods of compounding (i.e., the addition of auxiliary propulsion and/or wings) in order 
to verify the expected improvements in high-speed performance and to define the prob- 
lems associated with high-speed rotary-wing aircraft. These test-bed compound aircraft 
were modified and tested under contracts by the U.S. Army. 



This report presents flight -test results obtained during a program by the National 
Aeronautics and Space Administration utilizing a hingeless -rotor compound helicopter. 
Program support was provided by the U.S. Army. Data are presented to indicate the 
level-flight performance characteristics, speed stability, maneuver stability, and wing- 
rotor lift sharing in maneuvering flight. Also included are data indicating the rotor 
rotational -speed control characteristics during maneuvers and during simulated main- 
rotor power failures. 
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longitudinal control position, positive in nose -down direction, degrees 


number of blades 
rotor lift coefficient, 


J R 


wing-body lift coefficient, 


PttR 2 (OR) 2 
Lwb 




lift -curve slope for wing-body, 


blade chord, feet (meters) 


8C Wb 


ba-. 


auxiliary jet thrust, pounds force (newtons) 
longitudinal cyclic-stick force, pounds force (newtons) 
acceleration due to gravity, 32.2 ft/sec^ (9.8 m/sec2) 
rotor lift, pounds force (newtons) 

wing-body lift, pounds force (newtons) 

l R + L wb 


aircraft vertical load factor, 


W 


F aj V t* a c 

equivalent total horsepower, P^ + -, horsepower (kilowatts) 


326 


indicated shaft horsepower, horsepower (kilowatts) 
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aircraft roll rate, positive with right roll, degrees/second 


q 

qoo 

R 

V CAS 

V TAS 
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a B 

a C 

I 3 
6x 

6y 

9 

9 0 
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£2 


aircraft pitch rate, positive nose -up, degrees/second 

free-stream dynamic pressure, pounds force/foot^ (newtons /meter 2) 

rotor radius, feet (meters) 

wing area, feet^ (meters^) 

calibrated airspeed, knots 

true airspeed, knots 

aircraft gross weight, pounds force (newtons) 

boom -indicated angle of attack, angle of fuselage reference line relative 
to wind, positive nose -up, degrees 

rotor control-axis angle of attack, positive when tilted rearward, degrees or 
radians as indicated 


aircraft sideslip angle, positive nose left, degrees 

lateral stick position, positive for right deflection, inches (centimeters) 

longitudinal stick position, positive for rearward deflection, inches 
(centimeters) 

blade -root pitch angle, degrees 
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APPARATUS AND TESTS 


Description of Test Aircraft 

The test aircraft, shown in figure 1, was a compound helicopter which incorporates 
a hingeless-rotor system. The aircraft is described in more detail in reference 3. The 
basic physical characteristics of the test aircraft are presented in table I. 

The flight -control systems are basic helicopter -type controls, and there are no 
movable fixed -wing -type control surfaces incorporated. The aircraft is equipped with 
the standard XH-51A mechanical control gyro. The auxiliary power system required an 
additional control which is incorporated in the twist grip of the collective -pitch handle. 
Because of this modification, the primary power control is installed on a quadrant 
mounted to the left of the collective -pitch lever. 

The cyclic-stick control has an irreversible boost with a longitudinal feel spring 
(8 lbf/in. (14 N/cm)). A bobweight (7.2 lbf/g unit (32 N/g unit)) was also incorporated into 
the longitudinal control. Total stick travels were 10 inches (25.4 cm) and 4.625 inches 
(11.7 cm) for the longitudinal and lateral directions, respectively. 

For the test results presented herein, the longitudinal cyclic control was set at 
66 percent of the designed stick gearing, and the lateral cyclic control was set at 200 per- 
cent of the designed stick gearing. These changes simply alter the pilot's cyclic -stick 
displacement required to produce a given aircraft response rate. The change in the lon- 
gitudinal system, for example, reduces the response rate for a given stick displacement 
to 66 percent of the rate which would be achieved with the standard stick gearing. 

Instrumentation 

The instrumentation utilized during these tests was installed and calibrated by the 
contractor. Data were recorded on a 50-channel oscillograph and a photo recorder. 

Tests 

The flight -test program consisted of approximately 9 hours of operation including 
the pilot's familiarization flights. The tests were accomplished in two phases. Since 
these tests were not intended to extend the operating envelope of the aircraft, the data 
obtained were limited to airspeeds up to approximately 190 knots calibrated airspeed and 
a specified range of rotor loading (i.e., collective -pitch angles). 

The flight conditions investigated included level flight throughout the allowed 
forward-speed range, autorotation entries, maneuver characteristics, cyclic -control 
response characteristics, and rotor rotational-speed control in maneuvers. 
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RESULTS AND DISCUSSION 


The data presented herein include the level -flight performance characteristics, 
speed stability, and maneuver stability for several airspeeds and also data indicating the 
lift-sharing characteristics during maneuvering flight. Also included are data indicating 
the rotor rotational-speed control characteristics during maneuvers and during simulated 
main-rotor power failures. 

The majority of the test points were taken with a nominal collective -pitch setting 
of 3.5°. This value represents the recommended pitch setting for compound-mode flight 
(i.e., airspeeds above approximately 100 knots). Thus, once the airspeed exceeded 
100 knots, the collective pitch could be set to the desired position of 3.5°, and the aircraft 
could be flown essentially as a fixed-wing aircraft with speed variations being made by 
throttle control of the auxiliary thrust engine. 

Level-Flight Performance 

The primary level-flight performance characteristics of the test vehicle are pre- 
sented in figures 2 to 6. These data were obtained at a density altitude of approximately 
5700 feet (1.7 km). 

Rotor lift and indicated angle of attack . - The variation of the ratio of rotor lift to 
gross weight with true airspeed for a range of collective -pitch settings is presented in 
figure 2. For the recommended compound-mode setting of 3.5°, the rotor lift is equiva- 
lent to 57 percent of the gross weight at 110 knots and decreases almost linearly with 
increasing airspeed. Extrapolation indicates that the rotor would be completely unloaded 
at approximately 240 knots. Increasing collective pitch, of course, increases the relative 
rotor loading; however, the maximum airspeed at the higher collective -pitch setting is 
restricted by an early onset of vibrational problems. Thus, a collective -pitch setting in 
the range from approximately 3.5° to 4.3° provides the maximum range of airspeed 
wherein the aircraft can be flown without need for a collective -pitch change. In addition 
to minimizing the pilot workload, by maintaining constant collective pitch, the trend of 
decreasing rotor lift as airspeed increases is advantageous. As the rotor penetrates a 
more unfavorable environment at the higher speeds, the gradual unloading of rotor lift 
tends to eliminate problems associated with rotor stall. 

There are limitations at both ends of the airspeed range. First, as indicated in 
figure 2, the rotor may be completely unloaded at about 240 knots and would probably 
produce negative lift above this airspeed, with obvious performance penalties. Second, 
with the low collective -pitch setting, the aircraft angle of attack increases rapidly as the 
airspeed is reduced toward 100 knots. For example, the variation of the level-flight 
fuselage angle of attack with true airspeed is presented in figure 3. The lower 
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collective -pitch setting requires an excessive nose-high angle of attack in order to 
achieve the required lift on both the wing and rotor. Thus, flight at airspeeds near 
100 knots can be accomplished more comfortably by employing a higher collective -pitch 
setting. 

Thrust and power require ments.- The auxiliary thrust and power requirements for 
the test aircraft are presented in figures 4 to 6. Figure 4 presents the auxiliary thrust 
requirements for a range of collective -pitch settings. The thrust levels are indicated in 
terms of an equivalent flat -plate drag area because this parameter reflects the nose-high 
attitude requirements for the low collective -pitch settings at the lower speeds. In addi- 
tion, the rotor attitude is such that a drag force is produced instead of a propulsive force 
since the rotor is very close to an autorotative condition at the low collective -pitch set- 
ting. As illustrated in figure 5, the rotor power requirements decrease with decreasing 
collective pitch; however, the auxiliary jet thrust must be increased to compensate for 
this decrement. In order to ascertain the total power requirements of the aircraft, an 
equivalent total horsepower which includes both the rotor-shaft horsepower and the jet 
thrust has been computed and is presented in figure 6. The data in this figure encom- 
pass all the collective-pitch settings utilized. Within the scatter of the data, it would 
appear that the total power requirements at a given airspeed are the same regardless of 
the collective pitch selected. 

Wing-body lift coeffici ent.- The wing-body lift coefficient is presented in figure 7 
as a function of the boom -indicated fuselage angle of attack for the range of test air- 
speeds. These data were obtained in level flight and have been corrected for the jet- 
reaction effect due to inclination of the jet thrust axis. By using a least-squares curve 
fit, a lift-curve slope of 0.0606 per degree (3.47 per radian) is indicated. 

Control Response 

The longitudinal and lateral cyclic-stick response characteristics were evaluated 
for a range of airspeeds. The results are presented in figure 8 as a function of the air- 
craft pitch or roll rate per inch (centimeter) of stick deflection. It should be recalled 
that these tests were performed with the stick gearing set at off -design conditions and 
that the rotor has a mechanical control gyro which has a significant effect on the response. 
The data include the response characteristics at several collective -pitch settings although 
no significant effect on response is apparent for most of the settings. At the highest 
collective-pitch setting ( 0 q = 6°) where there is a relatively large change in rotor lift, 
the response about both axes appears to be slightly higher as might be expected; however, 
since the rotor hub moment is the more significant part of the total rotor moment, the 
gradient with increasing airspeed is primarily dependent on the increased hub-moment 
sensitivity. Although the magnitude and gradient with airspeed of the longitudinal 
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response sensitivity are low, some difficulty would be expected in achieving compatible 
response characteristics at both low and high speeds. Limited hover and low-speed 
qualitative evaluation indicated that the longitudinal response was less than desired. 

Stability Characteristics 

Speed stability . - The speed stability of the test aircraft was evaluated for several 
trim airspeeds. These data, which are presented in figure 9, were obtained by estab- 
lishing a trimmed level -flight condition at a given airspeed and making slow variations 
in airspeed about the trim point. As indicated, the longitudinal stick position 6y has a 
slightly unstable slope for all test airspeeds. The slope of the stick position is also 
slightly unstable about the trim point for increased rotor loading at 109 knots = 6.8°). 

Although the data are indicative of an instability with speed, the gradient is so small 
that the pilot's impression was that the aircraft had neutral stability. In view of the fact 
that these data were obtained at reduced longitudinal stick sensitivity which necessitates 
larger stick deflections, the gradient of stick position with speed would be reduced as 
stick sensitivity is increased. 

Maneuver stability.- Two techniques were utilized to evaluate the maneuver stability 
of the test aircraft. The first technique employed was the windup turn to obtain the stick 
force per g unit, and the second technique was the pull-and-hold maneuver normally uti- 
lized for pure helicopters. 

The results of the windup turn maneuvers are presented in figure 10 as the variation 
of the measured longitudinal stick force per unit load factor over the range of test air- 
speeds. Also included are the variations in stick sensitivity (g units per inch (centimeter) 
of stick deflection) and the angle -of -attack sensitivity (g units per radian change in fuse- 
lage angle of attack). 

In all cases, the aircraft exhibited positive maneuver stability (that is, a positive 
stick displacement and force gradient); however, the pilot felt that the force gradient was 
high at the lower speeds. Since the force gradient results from an artificial feel system 
which is dependent on stick displacement and load factor, some latitude in providing a 
suitable gradient was available. The stick force gradient can also be determined with 
the following expression: 
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The parameter dn/d5y is presented in figure 10 for a control gearing of 66 per- 
cent of the designed gearing. Thus, increasing the control gearing or decreasing the 
feel-spring constant would produce a lower stick force gradient. At the higher speeds, 
the pilot felt that the combination of stick force gradient and stick sensitivity were at a 
satisfactory level. It should be pointed out, however, that no attempt was made to eval- 
uate other combinations of artificial force gradient. 

The last parameter dn/dag presented in figure 10 is a measure of the overall 
aircraft sensitivity in maneuvers. As a result of the influence of the rotor it will be 
noted that the sensitivity dn/dag increases at a rate considerably less than the velocity 
squared of a fixed-wing aircraft. The dashed-line curve indicates calculated values 
based on the rotor lift derivatives given in reference 4 and the measured lift-curve slope 
of the wing-body combination. For this calculation, it was assumed that no change in 
rotor cyclic pitch was introduced; hence, the calculated curve is a measure of the effec- 
tive controls -fixed sensitivity of the aircraft. The measured data, of course, include the 
effect of the rotor control variations required to perform the maneuvers. The equation 
used for the calculation is as follows: 


dn 

dag 


9 ( Cl r/ CT ) L dB 1 \ apffR 2( OR )2 + 9C Lwb qooSw 
3 oiq y dofgi W doi g W 


( 2 ) 


where dB^/dag is assumed to be zero. 

The measured sensitivity appears to be higher than the controls -fixed calculation 
at airspeeds below 155 knots and is lower than the calculation above 155 knots. As will 
be illustrated subsequently, these results are compatible since the measured values of 
dB^/dag are negative at the lower speeds and positive at the higher speeds. Therefore, 
as noted in equation (2), a negative value of dB^/dag will increase the total aircraft 
sensitivity dn/dag; whereas, a positive value will decrease the calculated sensitivity. 

The reversal in sign of the term dB^/dag is indicative of a change in the level 
of angle -of -attack stability of the aircraft. When dB^/dag is negative, the aircraft is 
stable; whereas, a positive value indicates an unstable system. Even though the stick- 
position gradient is positive (fig. 10) throughout the test airspeed range, the actual con- 
trol position, as commanded by the mechanical control gyro on this aircraft, reverses 
direction in order to provide positive angle -of -attack stability at the higher speeds. 

The reversal of control position is quite evident in the pull-and-hold maneuver 
illustrated in figure 11. For the condition presented, the aircraft response to a 1-inch- 
rearward (2.54 cm) cyclic input is indicative of a stable system. That is, both the rate 
and normal acceleration are concave downward in less than 2 seconds, and the stick 
displacement (and, consequently, the stick force) remains rearward. (See ref. 5.) The 
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blade pitch angle, however, is indicative of a different trend. The cyclic amplitude is 
approximately 2° (i.e., Bj = 2°) nose-down in level flight, which is consistent with the 
forward stick position. After the longitudinal stick position is displaced rearward, the 
blade cyclic-pitch amplitude decreases as expected; and then with constant stick position, 
the amplitude increases beyond the original trim (i.e., Bj > 2°). The reversal in blade 
cyclic pitch relative to that commanded by the stick position is introduced by the mechan- 
ical control gyro in providing apparent maneuver stability to the pilot. This reversal in 
blade cyclic pitch during maneuvers also has a favorable effect on the rotor loading. 

Wing-Rotor Load Sharing in Maneuvers 

Measured rotor -lift sensitivity . - Of particular importance with regard to flight in 
the compound mode is the relative load sharing between the wing and the rotor during 
maneuvers. Windup turns were executed in order to establish the rotor-lift variation 
with load factor for several airspeeds. The results are presented in figure 12. The data 
presented were taken at a nominal collective -pitch setting of 3.5°. The variation in rotor 
lift at l.Og merely reflects the level-flight lift variation previously indicated (fig. 2). The 
data indicate that the rotor is providing a smaller increment of lift for a given load factor 
at the higher airspeeds. 

In order to illustrate this trend more clearly, the rate of change of the rotor loading 
d(L R /W) 

with load factor — was determined and is plotted as a function of airspeed in fig- 
ure 13. Since the rotor loading with load factor was essentially independent of collective 
pitch, figure 13 includes data applicable to all tested collective -pitch values. The curve 
illustrates the effective decrease in the rotor-lift sensitivity with increasing airspeed. 

For example, in the turning maneuver the rotor provides approximately 73 percent of the 
incremental lift at 120 knots, but only 44 percent of the incremental lift at 210 knots. The 
reduction in lift sensitivity with speed is very beneficial since the rotor produces lower 
lift increments during maneuvers as it penetrates the more unfavorable environment at 
higher speeds. 

Calculated rot or s en sitivity (controls fixed) .- In order to illustrate the unusual 
rotor -loading trend of the test aircraft, a calculated curve based on the theoretical rotor 
lift derivative is included in figure 13. The equation used is as follows: 

d (Ww) p»rW* 3 ( C W c ') da C ,,, 

dn W da Q dn K ’ 

where da^/dn is assumed to be equal to the inverse of the measured parameter 
dn /dag (fig. 10). Thus the calculation represents the expected rotor-lift sensitivity 
with blade cyclic controls fixed. The difference in trends is obvious. The measured 

9 

I 



curve, of course, was obtained with cyclic-control inputs, and thus the change in rotor 
angle of attack with load factor would differ from the fuselage angle of attack used. 

Calculated rotor sensitivity (including control displacement).- The actual change in 
rotor angle of attack with load factor may be expressed as follows: 


da^ dag dBj 
dn " dn dn 


( 4 ) 


It should be noted that stable maneuver stability requires a negative sign for dBj/dn. 

The negative sign, however, makes the parameter da^/dn larger than dag/dn and 
would increase the rotor -loading sensitivity. Unstable maneuver stability, on the other 
hand, requires a positive sign for dBj/dn, thus decreasing the rotor -loading sensitivity. 
It would appear from figure 13, therefore, that above approximately 150 knots the aircraft 
has negative angle -of-attack stability. 

Although it was indicated in figure 10 that the aircraft had positive maneuver sta- 
bility as apparent to the pilot (stick position and force) over the test airspeed range, an 
analysis of these data indicates that there is considerable cyclic -pitch feedback occurring 
during maneuvers which is produced by the mechanical control gyro. For example, fig- 
ure 14 illustrates the measured variation of the longitudinal cyclic-pitch increment 
with load factor for several airspeeds. The increment ABj is the difference between 
the longitudinal cyclic pitch in level flight and the value in the turn. It is actually a com- 
bination of the pilot input and the control-gyro feedback. It should be recalled (fig. 10) 
that in all cases a rearward stick displacement was required to maintain a given load 
factor; however, the steady-state longitudinal cyclic pitch is shown to be in the opposite 
direction at the airspeeds above approximately 150 knots. In other words, the feedback 
required at higher speeds is large enough to wash out the pilot's rearward cyclic input 
(i.e., a negative Bi increment) and actually produce a positive cyclic -pitch increment. 
Thus, as speed increases, the effective rotor angle -of -attack change in maneuvers 
becomes progressively smaller. This characteristic, in turn, reduces the rotor-lift 
sensitivity in maneuvers as airspeed is increased. 

As an illustration of the effect on the lift sensitivity of including the actual rotor 
cyclic control, the calculated curve presented in figure 13 has been recomputed to include 
the cyclic terms shown in figure 14. The corrected points are presented in figure 15. 

The improvement in correlation is apparent. Although the 210-knot data point is some- 
what high, the overall trend of sensitivity is well defined. 

An alternate method for predicting load sharing is to use the lift-curve slope for 

the wing-body. The curve in figure 15 labeled "calculated using (Ct ) " was computed 

\ 0!/wb 

with the following equation: 
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d ( L R/ w ) , , r s ^oo^w da B 

dn \ L «/wb w dn 

where (Ct \ =3.47 per radian. (See fig. 7.) 

The parameter dog/dn is the measured value obtained from figure 10 (the 
inverse of dn/da'g). It should be noted that the lift-curve slope used was obtained from 
level-flight data and therefore does not reflect the effects of pitch rate. Pitch rate would 
be expected to increase the effective wing-body loading contribution due to the horizontal 
tail and thus improve the correlation between the two curves. Nevertheless, the trend 
of the measured rotor loading is well defined. 

Although the trend of decreasing rotor-lift sensitivity with increasing airspeed is 
advantageous with regard to avoidance of rotor -stall problems, it should be emphasized 
that the decreasing sensitivity occurs as a result of decreasing aircraft stability and an 
unstable rotor-fuselage configuration at the higher speeds. In this particular aircraft, 
however, the control gyro provides the stabilizing inputs required without pilot action. 
Thus, even though the pilot's cues (i.e., stick position and force) are indicative of appar- 
ent stability, the actual control position is not. Without the gyro, the maneuvering char- 
acteristics would, of course, be the same except that the pilot would have to provide the 
stabilizing inputs by moving the stick forward. In either case, the favorable rotor-loading 
trends result in reduced forward-control capability and, with the gyro in the system, the 
pilot is unaware of the remaining control margins. Although not encountered during the 
program, there may be combinations of airspeed and load factor that would utilize the 
maximum available nose-down cyclic pitch. Once this condition is reached, the aircraft 
would be divergent with a further increase in the angle of attack. 

Rotor Rotational -Speed Control 

Rotor rotational -speed control is important with regard to both the power-off auto- 
rotational characteristics and the maneuver overspeed characteristics. Since both of 
these characteristics are related to the load factor required to autorotate the rotor in a 
banked turn, criteria which define these load factors are adequate for establishing the 
maneuver over speed trends as well as the power-off autorotational requirements. Tests 
were accomplished to establish the rotor rotational -speed (rpm) variation with load factor 
for the aircraft. The procedure was to establish a trim level-flight condition for the 
desired configuration and then to reduce main-rotor power to flight idle while entering a 
descending banked turn at constant airspeed and jet thrust. The rotor speed was allowed 
to drop to 90 percent of the design rpm. When a steady load factor for maintaining 
90 percent rpm was established, the load factor was gradually increased in order to 
increase the rotor rpm. 
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Samples of the resulting data are presented in figure 16 for two airspeeds. The 
boundary lines indicate the combinations of rpm and aircraft load factor that will produce 
autorotation: that is, the shaft power is zero. The area to the left of each boundary 

represents the envelope wherein shaft power must be supplied to drive the rotor. Con- 
versely, to the right of the boundary, the rotor extracts energy over and above that 
required to autorotate and would speed up in order to reestablish equilibrium on the 
autorotation boundary. 

From the standpoint of maintaining rotor rpm in the event of a main-rotor power 
failure, the boundary represents the load factor necessary to prevent an underspeed con- 
dition, assuming no other corrective action is taken. For example, at 115 knots cali- 
brated airspeed, the rotor would stabilize at 100 percent rpm if a load factor of approxi- 
mately 1.3g was maintained. At 160 knots, the load factor for 100 percent rpm has 
increased to 1.8g. 

In terms of rotor overspeed, the same data may be interpreted as a maneuver 
restriction in powered flight. If at a constant airspeed the load factor is increased 
beyond that required to autorotate the rotor, the rpm will increase from the initial set- 
ting. Figure 17 illustrates typical variations of power-on rpm with load factor for two 
different initial rotor speeds at 115 knots calibrated airspeed. The initial rise in rotor 
rpm as load factor increases is a function of the power governing loop. As the power 
demand is decreased, the governor reduces the supplied power and, therefore, the rpm 
remains essentially constant. However, as the load factor increases further, the shaft 
power required reaches zero (on the autorotation boundary) and the rpm rises along the 
boundary line as indicated. For the case illustrated, a steady load factor of 1.6g would 
produce a final rotor rpm in excess of 110 percent regardless of the initial governed rpm. 

In order to illustrate the effectiveness of changes in aircraft configuration, a sum- 
mary plot is presented in figure 18. Included in the figure are the effect of increasing 
the collective -pitch setting to a value above the normal compound mode of 3.5° and the 
effect of deploying the wing spoilers at the normal collective position. The boundary 
lines indicate the load-factor requirements to maintain a specified rpm as a function of 
the airspeed. The upper boundary (110 percent) can be associated with the power-on 
maneuver overspeed since any combination of airspeed and load factor which is above 
the boundary would drive the rotor rpm to values greater than 110 percent. For example, 
the data in figure 18(b) indicate that for a 2g maneuver the rotor speed would exceed 
110 percent for airspeeds up to approximately 150 knots calibrated airspeed. The lower 
boundary, on the other hand, is an indication of the load factor which must be achieved in 
order to stabilize the power-off rotor rpm at 90 percent. 

Changes in configuration can be accomplished in order to shift the boundaries in 
the desired direction. For example, figure 18(a) shows the effect of an increase in 
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collective pitch which effectively increases the maneuver overspeed boundary. Fig- 
ure 18(c) shows the effect of application of wing spoilers as a means of lowering the 
boundary for the power-off autorotation. These changes in configuration indicate that 
the boundaries can be shifted with appropriate pilot action; however, this requires the 
pilot to monitor rotor rpm in order to prevent rotor overspeeds in maneuvers. 

Autorotational Characteristics 

Rotor rotationa l -speed decay rate. - Tests were performed to establish the rotor 
rpm decay rate following a loss of the primary power supply. The data, which were 
obtained at fixed collective pitch for several airspeeds, are presented in figure 19. The 
relatively low decay rates established result primarily from the low horsepower require- 
ments of the rotor over the test airspeed range. (See fig. 5.) As might be expected, the 
trends of the decay rates reflect the changes in horsepower requirements shown in fig- 
ure 5. Consequently, as the power required increases at the higher forward speeds, the 
rotor rpm decay rate also rises. The decay rates, however, are lower than those gener- 
ally demonstrated by a pure helicopter which, of course, operates with higher rotor power 
requirements. The benefits associated with the low decay rates are offset at the higher 
airspeeds by the increase in the load-factor requirements for autorotating the rotor. 

(See, for example, fig. 18.) The rising decay rate and increasing load-factor require- 
ments necessitate prompt action by the pilot in order to make an autorotative entry at 
the higher speeds. 

Au torotative entries .- Autorotative entries following a simulated main-rotor power 
failure were made for a range of trim airspeeds from approximately 110 to 215 knots 
true airspeed. The same general maneuver was used to arrest the rotor rpm decay. 

That is, the pilot initiated a windup turn in order to place the rotor into an autorotative 
condition. In addition to performing this maneuver, the pilot had recourse to additional 
actions in order to arrest the rotor rpm decay. These included application of wing lift 
spoilers, reduction of auxiliary thrust, and a reduction of rotor collective pitch if 
necessary. 

A sample autorotative entry is presented in figure 20. The simulated main-rotor 
power failure was initiated at a calibrated airspeed of 174 knots. The rotor speed was 
allowed to decay to 95 percent prior to taking any corrective action. For this entry, the 
pilot made an abrupt auxiliary-thrust reduction at 3.6 seconds (2.6 seconds after main- 
rotor power reduction) and deployed the spoilers at 5 seconds. Both of thfese actions 
produce a nose-down trim change, and the pilot reported that the trim shift was somewhat 
distressing with this sequence of abrupt action. All other entries were performed by 
using a more gradual reduction in auxiliary thrust; however, this abrupt maneuver serves 
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to emphasize the necessity of minimizing the trim shifts associated with corrective 
actions in an autorotative entry. 

Throughout the airspeed range of the test, the rotor speed could be allowed to drop 
to 95 percent, and then with corrective action the rpm was maintained above 90 percent. 
The allowable delay time was, of course, decreasing as indicated by the rising decay 
rates in figure 19. Thus, at the higher speed relatively prompt action would be required. 

CONCLUDING REMARKS 

The flight -test results presented and discussed herein have indicated several trends 
which are of interest concerning both the performance and the flying qualities of com- 
pound helicopters. Specifically, the inherent reduction in rotor lift as level -flight air- 
speed is increased is desirable since no pilot action is required, and the reduced trim 
lift provides a margin between trim lift and the lifting capability of the rotor which may 
be utilized in maneuvers. 

The trend of decreasing rotor-lift sensitivity in maneuvers with increasing airspeed 
is also advantageous with regard to avoidance of rotor-stall problems; however, it should 
be emphasized that in this case the decreasing sensitivity occurs as a result of decreasing 
aircraft stability and an unstable rotor -fuselage configuration at the higher speeds. 

Although these lift-sharing trends contributed favorably to the piloting task in the 
compound mode, the rotor over speed tendencies could require constant pilot attention 
during maneuvering flight. 

High-speed autorotative entries could be made without undue pilot effort as a result 
of the low power requirements of the rotor which produced relatively low rotor rotational- 
speed decay rates. Adverse trim changes associated with any corrective actions should 
be minimized so that positive pilot response does not introduce undesirable disturbances. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., October 27, 1969. 
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II II III 


TABLE I.- PHYSICAL CHARACTERISTICS OF TEST AIRCRAFT 

General: 

Nominal take-off weight, lbf (N) 5165 (22 974) 

Longitudinal center of gravity, forward of rotor mast, in. (cm) .... 0.30 (0.76) 

Lateral center of gravity, left of center, in. (cm) 3.81 (9.68) 

Overall length, ft (m) 42.58 (12.98) 

Area ratio (wing to rotor) 0.0728 

Main rotor: 

Diameter, ft (m) 35 (10.67) 

Blade chord (constant root to tip), in. (cm) 13.5 (34.29) 

Solidity 0.0818 

Blade airfoil section Modified NACA 0012 

Normal operating rotational speed, rpm 355 

Blade twist (root to tip), deg -5 

Shaft incidence, forward, deg 6 

Tail rotor: 

Diameter, in. (cm) 72 (182.88) 

Blade chord (constant root to tip), in. (cm) 8.5 (21.59) 

Solidity 0.1503 

Blade airfoil section NACA 0012 

Blade twist, deg -4.35 

Wing: 

Span (nominal), ft (m) 16.83 (5.13) 

Taper ratio 0.5 

Area (including carry -through), ft^ (m2) 70 (6.5) 

Aspect ratio 4.05 

Airfoil NACA 23012 

Incidence (fixed), relative to fuselage reference line, deg -0.9 

Powerplants: 

Primary type Turboshaft 

Maximum shaft power (take-off) at sea level, hp (kW) 500 (373) 

Military shaft power (30 -min limit) at sea level, hp (kW) 450 (335.7) 

Auxiliary type Turbojet 

Military thrust at 200 knots at sea level, lbf (N) 2490 (11 075.5) 
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Figure L- Test aircraft. 
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Figure 4.- Variation of level-flight auxiliary thrust (expressed as an equivalent flat-plate drag area) with airspeed 
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Figure 5.- Variation of level-flight main- rotor power with airspeed. 
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Figure 6.- Variation of level-flight equivalent total horsepower with airspeed for all measured collective- pitch settings. 
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Figure 7.- Variation of wing-body lift coefficient with boom-indicated angle of attack for all test airspeeds. 
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Figure 8.- Aircraft response to cyclic- stick input. 
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Figure 9.- Variation of rotor lift, angle of attack, and longitudinal stick position with airspeed. 
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Figure 10.- Variation of airspeed maneuvering sensitivity with airspeed (windup turn). 
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Figure 12.- Variation of rotor lift with load factor for several airspeeds. 0 g = 3.5°; windup turn. 
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Figure 13.- Effect of airspeed on rotor-lift sensitivity in maneuvering flight. 
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Figure 14.- Variation of longitudinal cyclic-pitch increment with load factor. 



O Calculated including 
rotor control input 

J I I I I I 

120 140 160 180 200 220 i 

True airspeed, knots 


Figure lit- Comparison of measured and calculated rotor-lift sensitivity. 
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Figure 16.- Variation of power-off rotor rotational speed with load factor. 
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(a) 00 = 5.2°. 
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(c) 9q = 3. 5° with spoilers. 
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Figure 18.- Effect of aircraft configuration on rotor steady-state autorotative boundaries. 
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Figure 19.- Rotor rotational-speed decay rate following main-rotor throttle chop (spoilers not applied). 
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Figure 20.- Concluded. 
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